Open-Channel Block by the Cytoplasmic Tail of Sodium Channel β4 as a Mechanism for Resurgent Sodium Current  by Grieco, Tina M. et al.
Neuron, Vol. 45, 233–244, January 20, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.neuron.2004.12.035
Open-Channel Block by the Cytoplasmic Tail
of Sodium Channel 4 as a Mechanism
for Resurgent Sodium Current
accelerating recovery. Each channel also produces a
brief sodium current upon repolarization from positive
potentials, as the blocker is expelled from the pore.
Although such “resurgent” current was first identified in
Purkinje neurons (Raman and Bean, 1997), channels
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While the sodium channel  subunit NaV1.6 (Scn8a) isUniversity of Michigan
the primary channel that carries resurgent current inAnn Arbor, Michigan 48109
Purkinje neurons (Burgess et al., 1995; Raman et al.,
1997), NaV1.6 expression is not sufficient to produce this
current in other cells (Raman and Bean, 1997; Smith etSummary
al., 1998; Pan and Beam, 1999). In fact, even in Purkinje
cells, NaV1.6 is not absolutely necessary to generateVoltage-gated sodium channels with “resurgent” ki-
resurgent current. When conventional inactivation isnetics are specialized for high-frequency firing. The 
slowed pharmacologically, other  subunits carry resur-subunits interact with a blocking protein that binds
gent current. These results indicate that even non-open channels upon depolarization and unbinds upon
NaV1.6  subunits can associate with the endogenousrepolarization, producing resurgent sodium current.
blocking particle, with the extent of block depending onBy limiting classical inactivation, the cycle of block and
the relative binding rates of the blocking particle andunblock shortens refractoryperiods.Tocharacterize the
the fast inactivation gate (Grieco and Raman, 2004).blocker in Purkinje neurons, webriefly exposed inside-
Alongwith results fromother studies, thesedata supportout patches to substrate-specific proteases. Trypsin
the idea that the endogenous blocker is likely to beand chymotrypsin each removed resurgent current,
a protein that is molecularly distinct from, but closelyconsistent with established roles for positively charged
associated with, sodium channel  subunits. Specifi-and hydrophobic/aromatic groups in blocking sodium
cally, the blocker remains with the channel in excisedchannels. In Purkinje cells, the only known sodium
patches, its activity is disrupted by alkaline phospha-channel-associated subunit that has a cytoplasmic se-
tase, and it is cleaved by broad-spectrum proteasesquence with several positive charges and clustered
(Grieco et al., 2002). Sodium channel  subunits are, inhydrophobic/aromatic residues is 4 (KKLITFILKKT
fact, known to associate with several proteins, includingREK; 4154–167). After enzymatic removal of block, 4154–167
five  subunits (Isom et al., 1992, 1995; Morgan et al.,fully reconstituted resurgent current, whereas scram-
2000; Kazen-Gillespie et al., 2000; Yu et al., 2003) andbled or point-mutated peptides were ineffective. In
A-kinase anchoring proteins (Cantrell et al., 1999). TheseCA3 pyramidal neurons, which lack 4 and endoge-
proteins, in turn, can tether or recruit other proteins tonousblock,4154–167 generated resurgent current. Thus,
the sodium channel complex (Gray et al., 1998; Malhotra4 may be the endogenous open-channel blocker re-
et al., 2000; Ratcliffe et al., 2000; Kazarinova-Noyes etsponsible for resurgent kinetics.
al., 2001; McEwen and Isom, 2004). Here, we have ex-
plored whether sodium channel-associated proteinsIntroduction
might bind and block the channel pore, as do  subunits
of some potassium channels (Rettig et al., 1994; Wallner
During cerebellar behaviors, Purkinje neurons fire high-
et al., 1999; Nadal et al., 2003).
frequency action potentials at rates exceeding 100 Hz. Based on studies indicating that the most effective
Such rapid firing demands short refractory periods, open-channel blockers of sodium channels contain re-
which require rapid recovery of voltage-gated sodium gions of positive charge and hydrophobicity (Zamponi
channels that inactivate during a single action potential. and French, 1994; O’Leary andHorn, 1994; Eaholtz et al.,
Sodium channels of Purkinje neurons have specializa- 1994, 1999), we reasoned that the endogenous blocking
tions that make them well adapted to recover rapidly. protein might include a sequence of amino acids with
Like most voltage-gated sodium channels, they can in- similar attributes. Consistent with this idea, in voltage-
activate by classical (fast) inactivation, as the cyto- clamp recordings of sodium currents in inside-out
plasmic linker between domains III and IV binds to the patches fromPurkinje neurons, open-channel blockwas
channel (Stu¨hmer et al., 1989; Vassilev et al., 1988, 1989). removedbyproteases that cleavedproteins at positively
Additionally, however, Purkinje sodium channels are charged and hydrophobic residues. Of the proteins that
subject to a rapid, voltage-dependent open-channel are known to associate with sodium channels, 4 is
block by an endogenous blocking particle (Raman and distinguished by a short cytoplasmic segment that con-
Bean, 2001). By blocking the pore upon depolarization sists of clusters of lysines and hydrophobic residues.
and unblocking upon repolarization, this particle pre- After enzymatic removal of the endogenous blocker,
vents the fast inactivation gate from binding, thereby exposure of patches to several candidate blockers indi-
cated that the only peptide that successfully reconstitu-
ted open-channel block and resurgent kinetics had a*Correspondence: i-raman@northwestern.edu
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sequence identical to the cytoplasmic tail of the sodium
channel 4 subunit.
Results
In the first series of experiments, we tested whether
substrate-specific proteases might selectively disrupt
the endogenous voltage-dependent open-channel block
and unblock of Purkinje sodium channels, while leaving
fast inactivation relatively intact. The aims of this experi-
ment were, first, to identify properties of amino acids
that might be important in the normal cycle of block and
unblock, for use in evaluating sodium channel-associ-
ated proteins as candidates for the endogenous blocker,
and second, to provide a preparation of Purkinje sodium
channels with endogenous block removed, for use in
further experiments to reconstitute normal open-chan-
nel block (e.g., Hoshi et al., 1990; Zagotta et al., 1990).
To this end, we recorded QX-314-sensitive sodium
currents in inside-out patches from acutely isolated Pur-
kinje cells before and after brief exposure to either tryp-
sin, chymotrypsin, or endoproteinase Glu-C Staphylo-
coccus aureus V8 (V8 protease). These proteases cleave
proteins at positively charged, aromatic (and other hy-
drophobic), and negatively charged residues, respec-
tively. Transient currents and resurgent currents re-
corded in control intracellular solutions are illustrated
in Figure 1A (black traces, left and right, respectively).
Exposure to trypsin significantly increased the transient
current amplitude (from 50  6 pA to 85  12 pA, n 
18, p  0.001) and the decay  (from 0.56  0.04 ms to
1.2  0.08 ms, p  0.001; Figure 1A, left, gray trace).
Additionally, resurgent current was completely abol-
ished (p  0.001, Figure 1A, right, gray trace). The slow
decay of transient current, as well as the removal of Figure 1. Proteolytic Cleavage at Positively Charged or Hydropho-
resurgent current, is consistent with a loss of functional bic Residues Removes Open-Channel Block
open-channel block (Grieco et al., 2002; Khaliq et al., (A–C) Inside-out patches from Purkinje neurons were held at 90
mV. Transient current evoked by steps to 0 mV (left traces) and2003).
resurgent current evoked by steps from30 to30mV (right traces)Similarly, after exposure to chymotrypsin, the decay
in control solution before (black traces) and after exposure to sub- of transient current was significantly prolonged (from
strate-specific proteases (gray traces), including trypsin ([A], mean
0.9  0.2 ms to 1.9  0.3 ms, n  4, p  0.01), and of five patches), chymotrypsin ([B], mean of three patches), and V8
transient current amplitude increased slightly, but not protease ([C], mean of four patches). Left scale bars apply to all left
significantly (from 26  4 pA to 37  6 pA, p  0.2, traces; right scale bars apply to all right traces. In all figures, transient
and resurgent currents were elicited with the voltage protocolsFigure 1B, left). Like trypsin, chymotrypsin abolished
shown here (unless indicated); dotted lines indicate 0 pA on allresurgent current in all patches (Figure 1B, right).
traces, and tildes indicate off-scale transient currents. (D) Ratio ofExposingpatches toV8 protease, however, haddifferent
resurgent current amplitude at 30 mV to transient current ampli-
effects. Even when the enzyme was applied at multiple tude at 0 mV (Iresurgent/Itransient). *, p  0.05 in all figures.
potentials (Experimental Procedures), the proteolytic
treatment produced no net change in amplitude or kinet-
ics (n 4; Figure 1C, left). Additionally, resurgent sodium cleavage interferes with block indirectly, by an action
on the blocker and/or on its binding site. We thereforecurrent was unchanged, suggesting that the endoge-
nous blocker remained intact (Figure 1C, right). As sum- tested whether exogenous amino acids or peptides
could restore open-channel block. Transient and resur-marized in Figure 1D, the amplitude ratio of peak resur-
gent to peak transient current under control conditions gent sodium currents were recorded in three consecu-
tive conditions: (1) in control solutions, (2) following re-was 0.093  0.004 (n  41). This ratio dropped signifi-
cantly following exposure to trypsin (0  0.001, n  18, moval of endogenous block, and (3) in the presence of
free amino acids, including the positively charged aminop  0.001) and chymotrypsin (0.02  0.01, n  4, p 
0.02), but not V8 protease (0.08  0.02, n  4, p  0.9). acids lysine (K) and arginine (R) or the aromatic amino
acid phenylalanine (F). Endogenous block was removedWhile these results support a role for positively
charged and hydrophobic amino acids in the normal by trypsin; in parallel experiments, we controlled for
nonspecific effects of trypsin by substituting alkalinecycle of endogenous open-channel block and unblock,
they do not answer the question of whether any of these phosphatase (3 mg/ml), a broad-spectrum phosphatase
that removes endogenous block (Grieco et al., 2002).residues actually enter and block the pore, or if their
Open-Channel Block by the Cytoplasmic Tail of 4
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Figure 2. Neither Free Amino Acids nor Poly-
L-Lysine Can Restore Resurgent Kinetics to
Patches with Block Removed
(A and B) Transient (left) and resurgent (right)
sodium currents from patches in control solu-
tions (black traces), following removal of block
(gray traces), and in the presence of amino
acids (red traces). (A) Combinations of intracel-
lular lysine (K), arginine (R), and phenylalanine
(F) did not block channels (mean of six
patches; K only [n  2], R only [n  1], KR
[n 2], KRF [n 1]). Right scale bars also
apply to right traces in (B). (B) Poly-L-lysine
(poly-K, mean of four patches) blocked so-
dium channels irreversibly. Left inset shows
transient currents evoked at 30 mV during
the onset of block. (C) Iresurgent/Itransient in control
and test conditions.
Similar results were obtained with both enzymes, and 0.04 relative to control).Moreover, blockby poly-L-lysine
was irreversible, even after washout of the peptide (datadata have been pooled (“block removed”).
During application of the free amino acids K, R, and not shown). The effect of poly-L-lysine is not only in
contrast with the results with free amino acids, in whichF (1mMeach), alone or in combination, transient current
amplitude (30  15 pA, n  6) and decay (1.0  0.1 lysine did not block the pore at all, but also with those of
studies of KIFMK, in which the peptide occludes sodiumms) did not significantly change relative to patches with
block removed (p  0.06 and p  0.5, respectively; channels at positive voltages, but unbindswith hyperpo-
larization (Eaholtz et al., 1994; Tang et al., 1996). Thus,Figure 2A, left). In addition, repolarization failed to elicit
resurgent current (Figure 2A, right), giving a resurgent- the blocking properties of lysines appear to be regulated
by surrounding residues.We therefore examined naturalto-transient current ratio of 0.001  0.001 (n  6, p 
0.001 relative to control; Figure 2C). Thus, no combina- sodium channel-associated proteins for multiple lysines
in the vicinity of hydrophobic residues, which might per-tion of these charged and aromatic free amino acids
could block the sodium channel pore after removal of mit a reversible open-channel block.
Of the four  subunits that associate with sodiumthe endogenous blocker.
In other studies, however, the lysines of the KIFMK channel  subunits in postnatal mice, cerebellar Purkinje
neurons express 1, 2, and 4, but lack 3 (Shah etpentapeptide have been shown to block open sodium
channels (Eaholtz et al., 1994; Tang et al., 1996). There- al., 2001; Yu et al., 2003). All these  subunits have
a single transmembrane segment, a large extracellularfore, to test whether Purkinje sodium channels might
also be blocked by lysines in the context of a polypep- domain, and a short cytoplasmic tail of 35–45 amino
acids. A distinguishing feature of the 4 subunit, how-tide, we applied five to ten amino acid poly-L-lysine
chains to patches with block removed (Figure 2B). In ever, is that it includes a nine amino acid insert in the
cytoplasmic region, immediately after the transmem-the presence of 200 	M poly-L-lysine, transient current
amplitude decreased with repeated depolarization, fall- brane segment, at residues 158–166 (Yu et al., 2003).
This insert, along with five flanking residues, has theing to 20% of the initial value, indicative of an effective,
use-dependent block (Figure 2B, left and inset). Unlike sequence KKLITFILKKTREK in mouse. Because this se-
quence contains several positively charged residues, asbinding by the endogenous blocker, however, the block
by poly-L-lysine did not reverse with repolarization (Fig- well as a hydrophobic region that includes an aromatic
residue, it appeared to be a good candidate for an open-ure 2B, right), giving a resurgent-to-transient current
ratio following maximal block of 0.02  0.01 (n  4, p  channel blocker.
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Figure 3. 4-like Peptides Restore Resur-
gent Kinetics to Patches with Block Removed
(A) Transient (left) and resurgent (right) so-
dium currents from inside-out Purkinje patches
in control solutions (black traces), following
removal of block (gray traces), and in the
presence of 4peptide (red traces). (B, C, E, and
F) Data following removal of block (gray trian-
gles) or during exposure to 200 	M 4peptide
(red circles) plotted against control data for
transient current amplitude at 0mV (B), decay
 of transient current at 0 mV (C), peak resur-
gent current (E), and time of peak resurgent
current (F). Solid symbols represent mean 
SEM. Dotted lines represent control data. (D)
Decay  of transient current at 0 mV versus
4154–173 concentration (red). Black, control;
gray, after removal of block by trypsin. n 
3, 4, 4, and 12 patches at 10, 50, 100, and
200 	M, respectively. For increasing concen-
trations, paired t tests of ’s in peptide relative
to control gave p  0.04, 0.11, 0.70, and
0.56, respectively.
To test this possibility, we synthesized this 14 amino ms in control and which increased to 1.3 0.09 ms with
block removed (p  0.001), fell to 0.75  0.06 ms in theacid peptide (4154–167) as well as a 20 amino acid peptide
that included more of the cytoplasmic tail (4154–173: presence of 4peptide (p 0.005 versus control; p 0.001
versus block removed; Figure 3C). In general, althoughKKLITFILKKTREKKKECLV) andapplied them to patches
in which endogenous block had been removed. As 4154–167 did not shorten the decay  to control values,
the longer peptide, 4154–173, was highly effective in thisshown in Figure 3A (left), application of either 4154–167
or 4154–173 at 200 	M (collectively termed 4peptide) re- regard (p  0.86, n  9). The close match between
the transient currents in control and in 200 	M 4154–167stored the kinetics and amplitudeof transient currents to
control values. By far the most striking result of 4peptide, suggests that this amount of peptide approximated or
exceeded the effective concentration of the endoge-however, was that repolarization elicited a current that
closely resembled endogenous resurgent current (Fig- nous blocking protein. To test the concentration depen-
dence of block (Zagotta et al., 1990), we repeated theure 3A, right). These changes were reversible upon
washout of 4peptide. experiments in four concentrations of 4154–173 and mea-
sured the decay  of transient current at 0 mV, whichAcross patches, the transient current amplitude,
which increased from 50  6 pA in control to 72  10 should reflect binding by the blocker. As shown in Figure
3D, after the decay of control currents (black) had beenpA with block removed (p  0.001), returned to 47  8
pA in the presence of 4peptide (p  0.5 versus control, slowed by trypsin (gray), 10 	M 4154–173 failed to acceler-
ate the decay back to control levels (red). At concentra-n  21; Figure 3B). The decay , which was 0.56  0.04
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tions above 10 	M, however, the decay  in 4154–173
approached that in control, with the closest replication
of endogenous kinetics achieved by 100 	M peptide.
Interestingly, with all concentrations of 4154–173, resur-
gent-like current flowed upon repolarization, indicating
that even 10 	M 4154–173 successfully bound the channel
at positive potentials, albeit slowly. Across all patches,
the repolarization-evoked current during exposure to
200 	M 4peptide had amplitudes (5.2  0.8 pA) and rise
times (4.3  0.2 ms) that were indistinguishable from
those of endogenous resurgent current (p  0.16 and
p  0.7, respectively, n  21; Figures 3E and 3F). Since
the rise time of resurgent current depends on the un-
binding of the blocking agent, these data suggest that
the 4 peptides and the endogenous blocker have simi-
lar affinities for the sodium channel.
The observation that 4peptide is sufficient to produce
an effective cycle of block and unblock, however, does
not providedirect evidence that the endogenousparticle
necessarily includes this sequence. For example, the
cytoplasmic domain of the 2 subunit, while lacking the
4 insert, nevertheless contains eight positively charged
residues; in contrast, 1 has only three. To test whether
either of these subunits is required for resurgent sodium
current, we recorded from voltage-clamped Purkinje
cells acutely dissociated from 1 and 2 subunit null
mice. Figure 4 shows a family of TTX-sensitive sodium
currents elicited from wild-type and  subunit null Pur-
kinje neurons. In Purkinje cells from 1, 2, and 1/2
null mice, resurgent current was not only present but
also retained the same kinetics and relative amplitudes
as in wild-type Purkinje cells (wild-type, n  9; 1, n 
6; 2, n 12; 1/2, n 19). The most salient difference
between normal and mutant cells was that the total
sodium current amplitude was smaller in 1/2 null neu-
rons than in wild-type neurons (p  0.001, unpaired;
Figure 4. Resurgent Current Is Maintained in 1, 2, and 1/2 Nulldata not shown), consistent with results in other cells,
Purkinje Neuronsindicating that these subunits increase sodium channel
Whole-cell recordings of sodium currents evoked by depolarizingsurface expression (Isom et al., 1995; Kazarinova-Noyes
steps from 90 mV (transient) and repolarizing steps from 30et al., 2001; McEwen et al., 2004). These results indicate
mV (resurgent) to potentials between 80 and 10 mV in 10 mV
that the endogenous open-channel blocker remains in- increments, in Purkinje neurons of wild-type and  subunit null mice,
tact, even in the absence of 1, 2, or the proteins that as labeled. Traces were normalized to the peak transient current at
they normally recruit to the sodium channel (Malhotra 30 mV, which was 4.4 nA (wild-type), 6.1 nA (1 null), 5.2 nA
(2 null), and 2.2 nA (1/2 null). Resurgent sodium current waset al., 2000; Kazarinova-Noyes et al., 2001).
observed in wild-type (arrow) and null neurons. Scale bars apply toThe fact that 4 is the only  subunit expected to
all traces.remain in Purkinje cells of 1/2 null mice, as well as
the precise match between open-channel block by
4peptide and the endogenous protein, supports the hy-
FILRRTRER). Transient and resurgent currents were re-pothesis that the 4 subunit itself may provide the en-
corded fromPurkinje patches in control conditions, afterdogenous block. Alternatively, however, the endoge-
removal of endogenous block, and in the presence ofnous factor might be a related protein that blocks
200 	M peptide.sodium channels equally well. To investigate the extent
Like 4154–167 and the endogenous blocker, 4scrto which the nearly normal kinetics produced by 4peptide
blocked sodium channels in a voltage-dependent man-depended on the specific sequence of the 4 tail, we
ner, but it did so with distinctive kinetics. Specifically,repeated the inside-out patch experimentswithmutated
in the presence of 4scr, the peak transient current wasversions of 4154–167. These included (1) a scrambled ver-
restored to control amplitudes (p 0.6, n 8). Repolar-sion, in which charge was conserved, but the clusters
ization also elicited a current with an amplitude similarof hydrophobic and positively charged residues were
to that of control resurgent current (p  0.4), giving aseparated (4scr: KIKIRFKTKTLELK); (2) a KK/AA substi-
resurgent-to-transient current ratio of 0.07  0.01 pA,tution at the ninth and tenth residues of the peptide,
(p  0.2; Figures 5A and 5B). Unlike the current in thewhich reduced the number of positive charges from
presence of the wild-type peptide, however, the repolar-six to four (4KK/AA: KKLITFILAATREK); and (3) a K/R
ization-evoked current induced by 4scr peaked signifi-substitution for all lysines, in which charge was con-
served, but the side chains were changed (4K/R: RRLIT cantly earlier than did the resurgent current mediated
Neuron
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Figure 5. Mutant 4 Peptides Do Not Restore Resurgent Kinetics
(A, D, and G) Transient (top) and resurgent (bottom) sodium currents from inside-out Purkinje patches in control solutions (black traces),
following removal of block (gray traces), and in the presence of 4scr (A), 4KK/AA (D), or 4K/R (G) (red traces). Scale bar in lower panel of (A)
applies to lower panels in (D) and (G). Boxed region in (A) is expanded in the inset. (B, E, and H) Resurgent versus transient current amplitudes
at 0 mV (red symbols) for 4scr (B), 4KK/AA (E), or 4K/R (H). Solid black lines, linear fit to control data. Gray lines, 95% confidence intervals.
Dotted black lines, linear fit to data after removal of block. (C) Time of peak resurgent current in 4scr condition (open triangles; mean  SEM,
solid triangle). Dotted line represents control data. (F) Current-voltage relation of transient currents in control (black circles), with block removed
(gray circles), and with 4KK/AA (red squares).
by the endogenous blocker (control, 4.1  0.3 ms; 4scr, fects on all components of sodium current. First, tran-
sient current amplitude increased significantly at all po-1.4  0.2 ms, p  0.001; Figure 5A, inset, and Figure
5C). The current evoked by repolarization also decayed tentials (Figures 5D [top] and 5F). At 0 mV, for instance,
the peak current, which was 41  9 pA in control andquickly in the presence of 4scr, with half the decay  of
the endogenous current (control, 20 2ms; 4scr, 10.5 61 14 pA with block removed, increased further in the
presence of 4KK/AA to 82  19 pA (p  0.008 versus2 ms, p 0.01). Thus, although 4scr can act as an open-
channel blocker, the rate of unblock is unusually rapid. control, p 0.03 versus block removed; n 9). Second,
although repolarization evoked a current with an ampli-These data suggest that, while an effective block at
positive potentials is independent of the amino acid tude similar to control (p 0.47), the current did not have
characteristic resurgent kinetics. Instead, it decayed tosequence, the clusteringof hydrophobic and/or charged
amino acids in the wild-type 4 peptide slows the rate a significantly lesser extent than control (p  0.025;
Figure 5D, bottom), reducing the resurgent componentof unbinding at negative potentials.
Exposing patches with block removed to 4 KK/AA, the (Experimental Procedures). As a consequence, the re-
surgent-to-transient current ratio was significantly re-peptide with reduced positive charge, had distinct ef-
Open-Channel Block by the Cytoplasmic Tail of 4
239
duced in 4KK/AA relative to control (0.03  0.01, p 
0.001; Figure 5E); this ratio remained small even when
the steady-state component was not subtracted from
the total repolarization-evoked current (p  0.004). The
increased amplitudes of transient as well as steady-
state currents suggest that among the effects of 4KK/AA
was an antagonism of fast inactivation in the patches
with block removed. Moreover, the failure of 4KK/AA to
reduce transient current amplitudes in patches with en-
dogenous block removed indicates that this peptide
functioned poorly as an open-channel blocker at any
potential. These observations suggest that the two cen-
Figure 6. NaV1.6 and 4 Are Associated in Mouse Cerebellumtral lysine residues increase the stability of block by
Immunoprecipitation with anti-NaV1.6 antibody or nonimmune IgGwild-type 4peptide. of proteins from either cerebellum (left) or hippocampus (right). Solu-
4K/R, in which all the lysines of 4154–167 were substi- bilized proteins were detected with anti-4 antibody, followed by
tuted with arginines, allowed us to test for a specific horseradish peroxidase-conjugated goat anti-rabbit IgG. Numbers
indicate molecular weight markers in kiloDaltons. Arrow indicatesrole of the lysine side chains in mimicking endogenous
the predicted molecular weight (38 kDa) of 4 monomers. Becauseblock. When patches with block removed were exposed
sodium channel  subunits tend to aggregate, the bands betweento 4K/R, the transient current amplitude was instantane-
75 and 38 kDa in the NaV1.6/cerebellum lane suggest that 4ously reduced by more than 90%, and no resurgent
multimers, as well as monomers, precipitated with the NaV1.6 
current was elicited upon repolarization (n  4; Figures subunit.
5G and 5H), indicating that the peptide blocked the
channel at all potentials. The block was not use depen-
dent and was fully reversible upon washout of 4K/R. rising, slowly decaying current (Figure 7A, bottom; n 
These results are consistent with the idea that the hy- 7/7) thatmimicked the resurgent current seen in Purkinje
drophobic cluster in the 4 peptides stabilizes binding cells. The peak currents evoked upon repolarization to
at all voltages, whereas the structural features conferred different potentials are plotted in Figure 7B for Purkinje
by the lysine side chains—possibly detection of the cells (gray triangles) and for CA3 cells with 4154–167 (redmembrane field—facilitate an electrostatic repulsion of circles). At all voltages that elicited measurable resur-
the wild-type peptide at negative potentials. gent current, the current-voltage data for CA3 cells with
The failure of the three mutated forms of the 4 pep- intracellular 4154–167 overlapped the representative Pur-tide to restore resurgent kinetics suggests that the en- kinje cell data and were distinct from data from control
dogenous open-channel blocker of Purkinje sodium CA3 cells, which had no detectable resurgent compo-
channels shares many of the attributes of the wild-type nent (Figure 7B, black circles). These results indicate
4 peptide. Whether the full-length 4 subunit acts as that removal of endogenous block by trypsin or alkaline
the endogenous open-channel blocker in intact Purkinje
phosphatase did not alter the channels in a manner that
neurons, however, depends on several additional fac-
favored block of Purkinje sodium channels by exoge-
tors, including the subcellular localization of these sub-
nous 4peptide. Furthermore, they demonstrate that so-units. Previous studies have indicated that 4 is highly
dium channels of neurons other than Purkinje cells areexpressed in the Purkinje cell layer and that 4 associ-
capable of interactingwith an open-channel blocker andates with NaV1.2 in expression systems (Yu et al., 2003). producing resurgent current.Because the majority of resurgent sodium current in
To test the extent to which the induction of a resur-Purkinje neurons normally depends on NaV1.6  sub-
gent-like current in CA3 cells depended on the specificunits, we tested whether 4 and NaV1.6 interact in the
sequence of the 4 peptide, recordings were made withcerebellum. Coimmunoprecipitation studies revealed
either 4scr or4KK/AA included in the intracellular solution.that 4 indeed associates with NaV1.6 in mouse cerebel-
With 200 	M 4scr, repolarization evoked a resurgent-lar tissue (Figure 6, left). In contrast, NaV1.6 did not immu-
like current in CA3 cells; however, like the currents innoprecipitate with 4 in mouse hippocampal tissue (Fig-
Purkinje patches exposed to 4scr, the rise of the currenture 6, right), consistent with the low levels of 4 mRNA
in the CA3 cells with 4scr was faster than the rise of theand protein detected in hippocampal pyramidal cells in
resurgent current seen with 4154–167 (1.3  0.08 ms, n studies of the rat brain (Yu et al., 2003).
4 versus 3.7  0.5 ms, n  7; p  0.004; Figure 7C,These results raise the question of whether 4 pep-
top traces). Consistent with unstable block at negativetides can induce resurgent current even in sodium chan-
potentials, the current-voltage relation in CA3 cells withnels that are not normally associated with 4 subunits.
4scr was shifted relative to the curve for either the CA3To address this issue, we tested the effect of wild-type
cells with 4peptide or the Purkinje cells, with peak resur-and mutated 4 peptides on hippocampal CA3 pyrami-
gent current occurring at20mV, rather than at30mVdal neurons, which express the same voltage-gated so-
(Figure 7D, open red triangles).dium channel  subunits as Purkinje cells (Shah et al.,
In CA3 cells, as in the Purkinje patches, 200 	M 4KK/AA2001). Consistent with previous reports (Raman and
appeared to be less effective than the other peptidesBean, 1997), repolarization evoked TTX-sensitive resur-
at blocking and unblocking sodium channels, althoughgent sodium current in whole-cell recordings from Pur-
fast inactivation was not apparently antagonized as itkinje, but not CA3, neurons (Figure 7A, top panel). When
was in the Purkinje patches. Upon repolarization, only4154–167 (200 	M) was included in the pipette solution,
however, repolarization of CA3 neurons elicited a slowly tiny currents were evoked in CA3 cells dialyzed with
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Figure 7. Intracellular 4peptide Produces Re-
surgent Sodium Current in CA3 Pyramidal
Cells
(A) Normalized currents elicited by steps
from 30 to 30 mV in a CA3 cell (top black
trace), a Purkinje cell (top gray trace), and a
CA3 cell with intracellular 4154–167 (bottom
trace).
(B) Resurgent current versus voltage for CA3
cells with 4154–167 (red circles), Purkinje neu-
rons (gray triangles, data fromGrieco and Ra-
man, 2004), and CA3 cells (black circles).
Data from CA3 cells (without peptide) repre-
sent the mean current amplitude between 3.5
and 5.5ms following each repolarization step,
a window that includes the peak resurgent
current in Purkinje cells.
(C) Repolarization-evoked currents for CA3
cells with intracellular 4scr (top red trace) or
4KK/AA (bottom red trace). Traces from CA3
with 4154–167 (black) are superimposed.
(D) Peak resurgent current versus voltage for
CA3 cells with 4scr (red triangles) and those
with 4KK/AA (red squares). Current-voltage re-
lations for CA3 (black circles) and Purkinje
(gray triangles) cells are superimposed for
comparison.
4KK/AA (Figure 7C, bottom red trace, n  3), and the of normal resurgent sodium current, indicating that the
unbinding rate of the peptidewas indistinguishable frommean repolarization-evoked current between 10 and
50 mV was significantly smaller than that observed in that of the endogenous blocking particle. This result,
along with the evidence that 4 subunits are associatedCA3 cells dialyzed with 4154–167 (Figure 7D, red squares).
Taken together, these data support the idea that the with the relevant  subunits in Purkinje cells, suggests
that the 4 subunit itself is a likely candidate for thewild-type 4 peptide, unlike the 4scr and 4KK/AA pep-
tides, is particularly well suited to block and unblock endogenous blocker.
voltage-gated sodium channels in a manner that mimics
resurgent current. Characteristics of the Endogenous
Blocking Particle
The observation from previous experiments that open-Discussion
channel block is voltage dependent (Raman and Bean,
1997) suggests that the endogenous blocking particleThese results provide insight into the physical nature of
the endogenous blocking particle that generates resur- contains regions of positive charge, which would pro-
mote stable binding at positive potentials while favoringgent sodium current. In both native cells and expression
systems, sodium channel pores can be blocked in a unbinding at negative potentials. Importantly, however,
even at negative potentials, unbinding is slow enoughvoltage-dependent manner by a wide variety of mole-
cules (Eaholtz et al., 1994; Tang et al., 1996; Wang et to producea rising phaseon the resurgent current, impli-
cating protein-protein interactions that stabilize binding,al., 1993; O’Leary and Horn, 1994; Zamponi and French,
1994; Yeh and Narahashi, 1977; Cahalan and Almers, even as electrostatic effects repel the blocker from
the pore.1979). The 4 peptides described here, therefore, form
another class ofmolecules that occlude sodium channel Consistent with these predictions, the present experi-
ments indicated that sodium channels were highly sus-pores. More importantly however, the 4 cytoplasmic
tail emerges as one of the few known naturally occurring ceptible to block—but not necessarily unblock—by in-
tracellular peptides with five or more positively chargedpeptide sequences, along with the III-IV linker of the 
subunit itself, that can reversibly block voltage-gated residues, including short poly-L-lysine chains, the wild-
type 4 peptides, the scrambled peptide, and the argi-sodium channels. The most remarkable feature of the
wild-type 4 peptide, however, was that it generated a nine-substituted peptide. Further evidence for a role for
positively charged residues came from the result thatpattern of unblock that precisely replicated the kinetics
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even substitution of a single pair of lysines with (un- (Raman and Bean, 1997). Recently, it has become clear
that this component of current is not restricted to Pur-charged) alanines on the otherwise wild-type peptide
kinje neurons, but instead is present in a variety of neu-sequence was sufficient to reduce the extent of block at
ronal classes in several brain regions, particularly inall potentials. Notably, however, not all charged residues
neurons whose signals include rapid trains or bursts ofinteracted with the channel in the same way. For in-
action potentials (Do andBean, 2003; Afshari et al., 2004;stance, in the arginine-substituted peptide, currents
J.N. Mercer et al., 2003, Soc. Neurosci., abstract; A.wereblockedat all potentials, and theblockwas relieved
Enomoto et al., 2004, Soc. Neurosci., abstract). Whileonly when the peptide was washed away. This observa-
most neurons with resurgent kinetics are likely to ex-tion is similar to results obtained with RIFMR pentapep-
press an endogenous voltage-dependent open-channeltides, which show a rapid blocking, but slow unblocking,
blocker, the identity of the subunits involved in generat-of expressed sodium channels with normal inactivation
ing these sodium currents need not be the same in alldestabilized pharmacologically (Eaholtz et al., 1999). In
cells. Regarding the  subunit, although loss of NaV1.6this context, it is interesting to speculate that the un-
throughout the nervous system eliminates nearly all thebranched side chain of lysine, but not the branched side
resurgent current in Purkinje neurons (Raman et al.,chain of arginine, penetrates sufficiently deeply into the
1997), a significant fraction of resurgent current remainspore to detect the membrane field. In fact, the use-
in subthalamic nuclear cells (Do and Bean, 2004). Con-dependent, irreversible block by poly-L-lysine suggests
sistent with these results, pharmacological studies indi-that, after binding open channels, this peptide subse-
cate that several different  subunits may be capable ofquently became stuck in the pore. The rapid unbinding
producing resurgent current (Grieco and Raman, 2004).by the scrambled peptide at negative potentials (or
Regarding the blocker, while it is possible that differentKIFMK in other studies), however, is consistent with the
molecules act as the blocking particle in different cellidea that, barring a permanent poly-L-lysine-like block,
types, these molecules may have common propertiesthe voltage sensitivity conferred by lysine may facilitate
across neurons.expulsion of the peptide upon repolarization.
The observation that 4peptide accurately replicated theMuch evidence indicates that aromatic rings can
kinetics and relative amplitude of normal transient andstrongly regulate the stability with which blocking com-
resurgent current suggests that the 4 subunit sharespounds bind to sodium channels; phenyl groups on am-
structural, as well as functional, characteristics with themoniumand hydraziniumcompounds increase the affin-
endogenous open-channel blocker(s) that produce re-ity of blockers at all potentials (Zamponi and French,
surgent kinetics. There are at least two caveats, how-1994), and various polycyclic cations block the sodium
ever, to the conclusion that the 4 subunit is the blockerchannel pore and unbind to produce “hooked tail” cur-
itself: first, we cannot ascertain that the folding of therents at strongly hyperpolarized potentials (Yeh andNar-
synthetic 4 peptide is the same as that of the nativeahashi, 1977; Cahalan and Almers, 1979). Additionally,
4 subunit, and second, although the 4 peptide is suffi-stable but reversible peptide block of sodium channels
cient to produce resurgent kinetics, we have not demon-appears to rely on a phenylalanine, often embedded in
strated that it is necessary. Nevertheless, it is relevant
a cluster of hydrophobic residues. Specifically, in the
that 4 subunits indeed associate with sodium channel
IFM sequence of the III-IV linker of sodium channel sub-
 subunits (Yu et al., 2003), including NaV1.6 in the cere-units, substitution of the phenylalanine greatly disrupts bellum, making it likely that the 4 cytoplasmic tail is
fast inactivation (Kellenberger et al., 1997). located in the vicinity of the pore. Moreover, in the rat
Consistentwith the role of hydrophobicity in determin- nervous system, both in situ hybridization and antibody
ing the affinity of exogenous blockers, our data suggest labeling (Yu et al., 2003) indicate that 4 is expressed
that the uncharged sequence, LITFIL, of thewild-type4 in at least four brain regions containing neurons that
peptide stabilized the interaction between the blocking produce resurgent sodium currents, including the Pur-
peptide and the pore. Upon repolarization, the electro- kinje cell layer (Raman and Bean, 1997), the deep cere-
static repulsion favored by the flanking lysines appeared bellar nuclei (Afshari et al., 2004), medium and large
to be counteracted by the affinity of the hydrophobic sensory neurons of the dorsal root ganglia (T.R. Cum-
sequence for the channel, delayingunbinding. This inter- mins et al., 2003, Soc. Neurosci., abstract), and the tri-
pretation is supported by the results with the scrambled geminal mesencephalic nucleus of the brainstem (A.
peptide. When the hydrophobic sequence was inter- Enomoto et al., 2004, Soc. Neurosci., abstract). Addi-
leaved with charged residues, rapid unbinding of the tionally, 4 is only weakly expressed by hippocampal
applied peptide was facilitated, producing an unusually pyramidal cells and small dorsal root ganglion cells, both
fast rising phase of resurgent current. Given the sensitiv- of which lack the current. Taken together, the regional
ity of the kinetics of block and unblock to the precise distribution of 4, the association of this protein with
sequence and identity of amino acids in the synthetic sodium channel subunits, and the accuracywithwhich
peptides, it is interesting to note that, in the current wild-type, but notmutant, 4 peptides replicated normal
protein database, the sequence LITFILKK occurs only resurgent kinetics suggest strongly that 4, or a 4-like
in proteins containing the full cytoplasmic tail of the protein, acts as the endogenous blocking protein of
sodium channel 4 subunit. sodium channels that produce resurgent current.
Experimental ProceduresResurgent Current and 4 in the Nervous System
Resurgent sodium current was originally identified in Generation of Transgenic Mice
Purkinje cells, in which it was initially proposed to be an 1(/) and 2(/) (“null”) mice were generated as previously
described (Chen et al., 2002, 2004). Each strain was repeatedlyadaptation for high-frequency firing of action potentials
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backcrossed for more than ten generations to C57BL/6 to create or 90 mV. After removal of the protease, the holding potential
was returned to 90 mV and recordings of sodium currents werecongenic strains (Silva et al., 1997). 1(/)/2(/) mice were
generated by mating N10 1(/) with N10 2(/) mice until repeated in control solutions. Holding patches at 30 mV success-
fully protected the fast inactivation gate from enzymatic cleavage,1(/)2(/) micewere obtained. Thesemice were then crossed
to achieve the double null mutation. Genotypes of all mice used for since depolarization-evoked currents continued to inactivate after
washout of enzyme. All inactivation could be removed, however,electrophysiology were confirmed by PCR (Chen et al., 2002, 2004).
by applying chymotrypsin while stepping patches from 90 mV to
depolarized potentials (data not shown).Cell Preparation
QX-314-sensitive sodium current was obtained by subtraction.Experiments were performed on C57BL/6 mice (Charles River, Wil-
Before the subtraction traces were recorded, channel block by QX-mington, MA), or, as shown in Figure 4 only, on 1 null, 2 null,
314 was promoted by depolarizing patches with 40 Hz trains of five1/2 null mice, and wild-type mice. Cerebellar Purkinje neurons
10 ms steps from 90 mV to 10 mV. Trains were repeated 10 toand hippocampal CA3 pyramidal neurons (“CA3 cells”) were acutely
20 times, at 500ms intervals, until sodium channels were completelyisolated from mice, according to published methods (Regan, 1991;
blocked at all voltages. In most recordings, the trial with QX-314Raman and Bean, 1997). In accordance with institutional guidelines,
was the last; with chymotrypsin, however, recordings in QX-314 hadmice were anesthetized with halothane before decapitation. For
to precede exposure to enzyme, since chymotrypsin destabilizedPurkinje cells, the cerebellar vermis of P13–P23 mice was removed
QX-314 binding at negative potentials.andminced in ice-cold, oxygenated dissociation solution containing
82 mM Na2SO4, 30 mM K2SO4, 5 mM MgCl2, 10 mM HEPES, 10 mM
glucose, and 0.001% phenol red (buffered to pH 7.4 with NaOH).
CoimmunoprecipitationFor CA3 cells, 350 	m thick slices were cut with a tissue chopper
Cerebella or hippocampi from P18–P21 C57BL/6 mice were isolated(Mickle Laboratory, Surrey, UK) from hippocampi of P8–P13 mice.
and homogenized using a Dounce homogenizer in 50 mM Tris, 10Tissue was incubated for 7 min in 10 ml of dissociation solution
mM EGTA (pH 8) plus Complete Protease Inhibitors (Roche). Totalwith 3 mg/ml protease XXIII at 31
C (pH readjusted), with 100%
homogenates were solubilized in 1.25% Triton X-100, and the solu-oxygen blown over the surface of the fluid. Tissue was then washed
ble fractions were immunoprecipitated overnight with primary anti-in warmed, oxygenated dissociation solution without protease, but
NaV1.6 antibody or nonimmune IgG. Protein A Sepharose (50 	l ofwith 1 mg/ml bovine serum albumin and 1 mg/ml trypsin inhibitor
1:1 suspension) was then added, and the incubation was continued(pH readjusted) in which the desired brain regions were microdis-
for 2 hr at 4
C. The Protein A Sepharose beads were precipitatedsected. The pieces were transferred to Tyrode’s solution containing
and washed with 50 mM Tris HCl (pH 7.5) containing 0.1% Triton150 mM NaCl, 4 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, X-100. Immunoprecipitated proteins were eluted from the Proteinand 10 mM glucose (buffered to pH 7.4 with NaOH) at 24
C and
A Sepharose with SDS-PAGE sample buffer and separated on 10%then triturated with a series of fire-polished Pasteur pipettes. Iso-
polyacrylamide gels. Proteins were transferred to nitrocellulose andlated cells settled in Tyrode’s solution in the recording chamber
probed with a 1:400 dilution of anti-4 antibody (a kind gift from Dr.following trituration. Recordings were made at room temperature
W.A. Catterall) (Yu et al., 2003), followed by horseradish peroxidase-1–6 hr after trituration.
conjugated goat anti-rabbit IgG (1:100,000 dilution). Chemilumines-
cent detection was accomplished with WestFemto reagent (Pierce
Electrophysiological Recording Biotechnology, Rockford, IL).
Purkinje neurons were identified by their large size and teardrop
shape, and CA3 pyramidal cells were identified by their pyramidal
morphology. Voltage-clamp recordings were made with an Axo- Chemicals
patch 200B amplifier (Axon Instruments, Foster City, CA). Data were 4154–167 and the three mutated versions of this peptide were synthe-
recordedwith an Instrutech ITC-18 interface (Instrutech, GreatNeck, sized by Bio-World (Dublin, OH). 4154–173 was synthesized at the
NY) and PULSE software (HEKA Electronik, Lambrecht, Germany). University of Michigan Protein Structure Facility (Ann Arbor, MI). All
Borosilicate pipettes (A-M Systems, Inc., Carlsborg, WA) were peptides were 95% purified. All other chemicals were obtained from
wrapped with parafilm or coated with Sylgard to minimize capaci- Sigma Aldrich (St. Louis, MO), except TTX (Alomone, Jerusalem)
tance. and QX-314 (EMD Biosciences, Inc., San Diego, CA).
For whole-cell recordings from Purkinje and CA3 cells, the pi-
pettes were filled with a control “CsCH3SO3” internal solution con-
taining 108mMCsCH3SO3, 9mMNaCl, 1.8mMMgCl2, 9 mMHEPES, Analysis
1.8 mM EGTA, 48 mM sucrose, 14 mM Tris-CreatinePO4, 4 mM Data were analyzed with IgorPro 4.02 software (Wavemetrics, Lake
MgATP, and 0.3 mM TrisGTP (buffered to pH 7.4 with CsOH). Cells Oswego, OR). Where indicated, sodium currents were averaged to
were positioned in front of an array of gravity-driven flow pipes that improve the signal-to-noise ratio. Resurgent current amplitudes are
contained a low sodium “control” solution containing 50 mM NaCl, reported as the difference between the peak current evoked upon
110 mM TEACl, 2 mM BaCl2, 300 	MCdCl2, 10 mM HEPES (buffered repolarization and the steady-state current at the end of the repolar-
to pH 7.4 with TrisOH), or control solution with 300 nM tetrodotoxin izing step. Current decays were fit with single exponentials of the
(TTX). Recordingsweremade in each solution, and the TTX-sensitive form I A  exp(–t/decay) Iss, where I is current, A is the amplitude
sodium current was obtained by subtraction. The series resistance at the onset of the voltage step, t is time, decay is the decay time
was compensated by 80%. constant, and Iss is the steady-state component of the current. Ca-
For inside-out patch recordings, the extracellular (pipette) solution pacitative artifacts were digitally reduced or blanked inmost figures.
was Tyrode’s solution with 10 mM TEACl and 30 	MCdCl2. Intracel- Data are reported as mean  standard error of the mean (SEM).
lular (bath) solutions were exchanged with gravity-driven flow pipes. Statistical significance between parameters of currents measured
Each pipe contained CsCH3SO3 either alone, with enzyme, with test in control and test solutions was assessed with Student’s two-tailed
peptides/amino acids, or with 0.8 mM QX-314. Cytochrome C paired t tests (unless otherwise indicated), andp values are reported.
(1 mg/ml) was added to all pipe solutions. In all recordings of sodium
currents, patches or whole cells were held at 90 mV. Transient
current was elicited by depolarizing steps, and resurgent current Acknowledgments
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10 ms step to 30 mV. Trypsin was used at 0.5 mg/ml (19 U/ml), Supported by NIH F31 NS045483 (T.M.G.), the Klingenstein Founda-
tion (I.M.R.), NIH NS39395 (I.M.R.), NIH MH59980 (L.L.I.), and Na-chymotrypsin at 5 mg/ml (280 U/ml), and V8 protease at 0.5 mg/ml
(315 U/ml). To increase the probability that the target for proteolysis tional Multiple Sclerosis Society Grant RG2882 (L.L.I.). We are grate-
ful to Ms. Fatemeh Afshari for her help in the early stages ofwould be the endogenous blocker rather than the fast inactivation
gate or the pore, patches were held at 30 mV before and during experiments on -null mice; Ms. Audrey Speelman for expert techni-
cal assistance; and Zayd Khaliq, Jason Pugh, Teresa Aman, andbrief (5 s) exposure to trypsin or chymotrypsin. For V8 protease
only, the enzyme was applied while patches were held at 30 and/ Veronica Ledoux for discussions.
Open-Channel Block by the Cytoplasmic Tail of 4
243
Received: September 16, 2004 channels and increases their functional expression. J. Neurosci.
21, 7517–7525.Revised: November 22, 2004
Accepted: December 2, 2004 Kazen-Gillespie, K.A., Ragsdale, D.S., D’Andrea, M.R., Mattei, L.N.,
Published: January 19, 2005 Rogers, K.E., and Isom, L.L. (2000). Cloning, localization, and func-
tional expression of sodium channel 1A subunits. J. Biol. Chem.
References 275, 1079–1088.
Kellenberger, S., West, J.W., Scheuer, T., and Catterall, W.A. (1997).
Afshari, F.S., Ptak, K., Khaliq, Z.M., Grieco, T.M., Slater, N.T., Molecular analysis of the putative inactivation particle in the inacti-
McCrimmon, D.R., and Raman, I.M. (2004). Resurgent Na currents vation gate of brain type IIA Na channels. J. Gen. Physiol. 109,
in four classes of neurons of the cerebellum. J. Neurophysiol. 92, 589–605.
2831–2843.
Khaliq, Z.M., Gouwens, N.W., and Raman, I.M. (2003). The contribu-
Burgess, D.L., Kohrman, D.C., Galt, J., Plummer, N.W., Jones, J.M., tion of resurgent sodium current to high-frequency firing in Purkinje
Spear, B., andMeisler, M.H. (1995). Mutation of a new sodium chan- neurons: an experimental andmodeling study. J. Neurosci. 23, 4899–
nel gene, Scn8a, in the mouse mutant ‘motor endplate disease.’ 4912.
Nat. Genet. 10, 461–465. Malhotra, J.D., Koopmann, M.C., Kazen-Gillespie, K.A., Fettman,
Cahalan, M.D., and Almers, W. (1979). Block of sodium conductance N., Hortsch, M., and Isom, L.L. (2000). Structural requirements for
and gating current in squid giant axons poisoned with quaternary interaction of sodium channel 1 subunits with ankyrin. J. Biol.
strychnine. Biophys. J. 27, 57–73. Chem. 277, 26681–26688.
Cantrell, A.R., Tibbs, V.C., Westenbroek, R.E., Scheuer, T., and Cat- McEwen, D.P., and Isom, L.L. (2004). Heterophilic interactions of
terall, W.A. (1999). Dopaminergic modulation of voltage-gated Na sodium channel 1 subunits with axonal and glial cell adhesion
current in rat hippocampal neurons requires anchoring of cAMP- molecules. J. Biol. Chem. 279, 52744–52752.
dependent protein kinase. J. Neurosci. 19, RC21. McEwen, D.P., Meadows, L.S., Chen, C., Thyagarajan, V., and Isom,
Chen, C., Bharucha, V., Chen, Y., Westenbroek, R.E., Brown, A., L.L. (2004). Sodium channel beta1 subunit-mediated modulation of
Malhotra, J.D., Jones, D., Avery, C., Gillespie, P.J. 3rd, Kazen-Gilles- NaV1.2 currents and cell surfacedensity is dependent on interactions
pie, K.A., et al. (2002). Reduced sodium channel density, altered with contactin and ankyrin. J. Biol. Chem. 279, 16044–16049.
voltage dependence of inactivation, and increased susceptibility to Morgan, K., Stevens, E.B., Shah, B., Cox, P.J., Dixon, A.K., Lee,
seizures in mice lacking sodium channel 2-subunits. Proc. Natl. K., Pinnock, R.D., Hughes, J., Richardson, P.J., Mizuguchi, K., and
Acad. Sci. USA 99, 17072–17077. Jackson, A.P. (2000). 3: an additional auxiliary subunit of the volt-
Chen, C., Westenbroek, R.E., Xu, X., Edwards, C.A., Sorenson, D.R., age-sensitive sodium channel that modulates channel gating with
Chen, Y., McEwen, D.P., O’Malley, H.A., Bharucha, V., Meadows, distinct kinetics. Proc. Natl. Acad. Sci. USA 97, 2308–2313.
L.S., et al. (2004). Mice lacking sodium channel 1 subunits display Nadal, M.S., Ozaita, A., Amarillo, Y., Vega-Saenz de Miera, E., Ma,
defects in neuronal excitability, sodium channel expression, and Y., Mo, W., Goldberg, E.M., Misumi, Y., Ikehara, Y., Neubert, T.A.,
nodal architecture. J. Neurosci. 24, 4030–4042. and Rudy, B. (2003). The CD26-related dipeptidyl aminopeptidase-
Do, M.T., and Bean, B.P. (2003). Subthreshold sodium currents and like protein DPPX is a critical component of neuronal A-type K
pacemaking of subthalamic neurons: modulation by slow inactiva- channels. Neuron 37, 449–461.
tion. Neuron 39, 109–120. O’Leary, M.E., and Horn, R. (1994). Internal block of human heart
Do, M.T., and Bean, B.P. (2004). Sodium currents in subthalamic sodium channels by symmetrical tetra-alkylammoniums. J. Gen.
nucleus neurons from NaV1.6-null mice. J. Neurophysiol. 92, Physiol. 104, 507–522.
726–733. Pan, F., and Beam, K.G. (1999). The absence of resurgent sodium
current in mouse spinal neurons. Brain Res. 849, 162–168.Eaholtz, G., Scheuer, T., and Catterall, W.A. (1994). Restoration of
inactivation and block of open sodium channels by an inactivation Raman, I.M., and Bean, B.P. (1997). Resurgent sodium current and
gate peptide. Neuron 12, 1041–1048. action potential formation in dissociated cerebellar Purkinje neu-
rons. J. Neurosci. 17, 4517–4526.Eaholtz, G., Colvin, A., Leonard, D., Taylor, C., and Catterall, W.A.
(1999). Block of brain sodium channels by peptide mimetics of the Raman, I.M., and Bean, B.P. (2001). Inactivation and recovery of
isoleucine, phenylalanine, and methionine (IFM) motif from the inac- sodium currents in cerebellar Purkinje neurons: evidence for two
tivation gate. J. Gen. Physiol. 113, 279–294. mechanisms. Biophys. J. 80, 729–737.
Gray, P.C., Scott, J.D., and Catterall, W.A. (1998). Regulation of ion Raman, I.M., Sprunger, L.K., Meisler, M.H., and Bean, B.P. (1997).
channels by cAMP-dependent protein kinase and A-kinase anchor- Altered subthreshold sodium currents and disrupted firing patterns
ing proteins. Curr. Opin. Neurobiol. 8, 330–334. in Purkinje neurons of Scn8a mutant mice. Neuron 19, 881–891.
Grieco, T.M., and Raman, I.M. (2004). Production of resurgent cur- Ratcliffe, C.F., Qu, Y., McCormick, K.A., Tibbs, V.C., Dixon, J.E.,
rent in NaV1.6-null Purkinje neurons by slowing sodium channel Scheuer, T., and Catterall, W.A. (2000). A sodium channel signaling
inactivation with -pompilidotoxin. J. Neurosci. 24, 35–42. complex: modulation by associated receptor protein tyrosine phos-
phatase . Nat. Neurosci. 3, 437–444.Grieco, T.M., Afshari, F.S., and Raman, I.M. (2002). A role for phos-
phorylation in the maintenance of resurgent sodium current in cere- Regan, L.J. (1991). Voltage-dependent calcium currents in Purkinje
bellar Purkinje neurons. J. Neurosci. 22, 3100–3107. cells from rat cerebellar vermis. J. Neurosci. 11, 2259–2269.
Hoshi, T., Zagotta, W.N., and Aldrich, R.W. (1990). Biophysical and Rettig, J., Heinemann, S.H., Wunder, F., Lorra, C., Parcej, D.N., Dolly,
molecular mechanisms of Shaker potassium channel inactivation. J.O., and Pongs, O. (1994). Inactivation properties of voltage-gated
Science 250, 533–538. K channels altered by presence of -subunit. Nature 69, 289–294.
Isom, L.L., De Jongh, K.S., Patton, D.E., Reber, B.F., Offord, J., Shah, B.S., Stevens, E.B., Pinnock, R.D., Dixon, A.K., and Lee, K.
Charbonneau, H., Walsh, K., Goldin, A.L., and Catterall, W.A. (1992). (2001). Developmental expression of the novel voltage-gated so-
Primary structure and functional expression of the 1 subunit of the dium channel auxiliary subunit 3, in rat CNS. J. Physiol. 534,
rat brain sodium channel. Science 256, 839–842. 763–776.
Isom, L.L., Ragsdale, D.S., De Jongh, K.S., Westenbroek, R.E., Re- Silva, A.J., Simpson, E.M., Takahashi, J.S., Lipp H.-P., Nakanishi,
ber, B.F., Scheuer, T., and Catterall, W.A. (1995). Structure and func- S., Wehner, J.M., Giese, K.P., Tully, T., Abel, T., Chapman, P.F., et
tion of the 2 subunit of brain sodium channels, a transmembrane al. (1997). Mutant mice and neuroscience: recommendations con-
glycoprotein with a CAM motif. Cell 83, 433–442. cerning genetic background. Neuron 19, 755–759.
Smith, M.R., Smith, R.D., Plummer, N.W., Meisler, M.H., and Goldin,Kazarinova-Noyes, K., Malhotra, J.D., McEwen, D.P., Mattei, L.N.,
Berglund, E.O., Ranscht, B., Levinson, S.R., Schachner, M., Shrager, A.L. (1998). Functional analysis of themouse Scn8a sodium channel.
J. Neurosci. 18, 6093–6102.P., Isom, L.L., and Xiao, Z.C. (2001). Contactin associates with Na
Neuron
244
Stu¨hmer, W., Conti, F., Suzuki, H., Wang, X.D., Noda, M., Yahagi,
N., Kubo, H., andNuma, S. (1989). Structural parts involved in activa-
tion and inactivation of the sodium channel. Nature 339, 597–603.
Tang, L., Kallen, R.G., and Horn, R. (1996). Role of an S4–S5 linker in
sodium channel inactivation probed by mutagenesis and a peptide
blocker. J. Gen. Physiol. 108, 89–104.
Vassilev, P.M., Scheuer, T., and Catterall, W.A. (1988). Identification
of an intracellular peptide segment involved in sodium channel inac-
tivation. Science 241, 1658–1661.
Vassilev, P.M., Scheuer, T., and Catterall, W.A. (1989). Inhibition of
inactivation of single sodium channels by a site-directed antibody.
Proc. Natl. Acad. Sci. USA 86, 8147–8151.
Wallner, M., Meera, P., and Toro, L. (1999). Molecular basis of fast
inactivation in voltage and Ca2-activated K channels: a trans-
membrane -subunit homolog. Proc. Natl. Acad. Sci. USA 96, 4137–
4142.
Wang, G.K., Simon, R., Bell, D., Mok, W.M., and Wang, S.Y. (1993).
Structural determinants of quaternary ammonium blockers for ba-
trachotoxin-modified Na channels. Mol. Pharmacol. 44, 667–676.
Yeh, J.Z., and Narahashi, T. (1977). Kinetic analysis of pancuronium
interaction with sodium channels in squid axon membranes. J. Gen.
Physiol. 69, 293–323.
Yu, F.H., Westenbroek, R.E., Silos-Santiago, I., McCormick, K.A.,
Lawson, D., Ge, P., Ferriera, H., Lilly, J., DiStefano, P.S., Catterall,
W.A., et al. (2003). Sodium channel 4, a new disulfide-linked auxil-
iary subunit with similarity to 2. J. Neurosci. 23, 7577–7585.
Zagotta, W.N., Hoshi, T., and Aldrich, R.W. (1990). Restoration of
inactivation in mutants of Shaker potassium channels by a peptide
derived from ShB. Science 250, 568–571.
Zamponi, G.W., and French, R.J. (1994). Open-channel block by
internally applied amines inhibits activation gate closure in ba-
trachotoxin-activated sodium channels. Biophys. J. 67, 1040–1051.
